The gene for y-glutamylcysteine synthetase (gshA) from Thiobacillus fermoxidans was isolated from a family of cosmids by its ability to complement an €scherichia coli gshA trxA double mutant which was unable t o grow on minimal medium lacking glutathione. The predicted sequence of the yglutamylcysteine synthetase was found t o have only 18%0 amino acid sequence identity t o the equivalent enzyme from E coli. In spite of this low sequence homology, concentrations of GSH in a cell extract prepared from the E. coli gshA trxA mutant containing the cloned gene were almost as high as in a cell extract prepared from a wild-type E. coli strain. The gshA gene was found t o be physically and transcriptionally linked to the T. fermoxidans gene for citrate synthase (gltA). The T. fermoxidans and E. coli citrate synthases shared 37% amino acid sequence identity and the cloned T. fermoxidans citrate synthase gene was able to complement an E. coli g1tA mutant.
INTRODUCTION
ThiubaciLh~ Jerrooxidms is an auto tro p hic , N 2-fix in g , acidophilic (pH 1-5-3.51, chemolithotrophic bacterium which obtains its energy from the oxidation of either Fez+ to Fe3' or reduced forms of sulphur to sulphate. There has been much interest in T.ferraaxidans because of its use in industrial mineral processing and because of its unusual physiology.
During the commercial biooxidation of a mineral such as arsenopyrite, large quantities of air are pumped into the reactor vessels and the redox potential of the solution may rise from less than + 300 mV before oxidation to greater than + 700 mV when oxidation is complete (Lindstrom e t al., 1992) . This implies that the organism must have thione-associated intracellular functions include its role in transpeptidation reactions, in the reduction of protein thiol groups and as an enzyme cofactor in DNA synthesis (Meister & Anderson, 1983) .
Glutathione synthesis takes place in two ATP-dependent steps. In the first, y-glutamylcysteine synthetase catalyses the formation of the dipeptide, 7-glutamylcysteine, from I,-glutamate and 1,-cysteine : 1,-glutamate + L-cysteine + ATP + y-glutamylcysteine + ADP + Pi
Glycine is then added to the C-terminal site of the dipeptide to yield glutathione ; this reaction is catalysed by glutathione synthetase:
considerable redox-controlling capacicy and the ability to withstand the toxic effects of oxygen. Glutathione is one of the major low-molecular-mass thiol components of nearly all cell types and is involved in the control of redox status and is a scavenger of free radicals. Other glutsy-glutamylcysteine + glycine + ATP
The Y-dutamYlcYsteine SYnthetase enzyme has been iS0-lated from, and studied in, a number of organisms. The mammalian enzymes (rat and human) are composed of two subunits (73 kDa and 27 kDa) that can be reversibly dissociated using DTT (Seelig et The GenBank accession number for the sequence reported in this paper is L75931.
by GSH (Seelig e t a/., 1984; Richman & Meister, 1975) , whereas the small subunit has been shown to have a regulatory function (Huang e t al., 1993) . The y-glutamylcysteine synthetase of Nicotiana tabacm is composed of two identicai 34 kDa subunits (Hell & Bergmann, 1990) whereas all other y-glutamylcysteine synthetases studied, those in yeast (Dennda & Kula, 19861 , Arabidopsis thalimu (May & Leaver, 1994) vector pUChlR2I to give plasmid pTHIOD (Fig. 1) . A restriction map of pTHIOD was constructed, and smaller fragments were subcloned into vectors pUCBM20, p'L'CBM21 or pBluescript SK and tested fur their ability to complement E. coli BH5262 for growth on minimal medium lacking glutathione (Fig. 1) . 
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T . f . hybridization signals to the upper bands of cosrnid 5.1 (lanes 3 and 4) corresponded to hybridization of the SmaI-BamHI flanking region joined to vector DNA. This result indicated that the source of the 3.0 lib SmaI insert was from the T. ferroxidans ATCC 33020 chromosome and that n o rearrangements had occurred during cloning.
Identification of CltA and GshA
Analysis of the sequence from the ClaI site to the BaptaHI site revealed two complete ORFs separated by 4 bp (Fig.  3) . The first ORF is preceded by a strong ribosomebinding site and encodes a polypeptide of 386 amino acids, Corresponding to a protein of 42-7 kDa. The predicted amino acid sequence was closely related to that of a number of citrate synthases (37 % identity and 59 (5' 0 similarity to E. coli; GenBank/EMBL accession no. J01619). The second ORF encodes a polypeptide of 436 amino acids, corresponding to a protein of 49-3 kDa. The predicted amino acid sequence was matched against all sequences present in the GenBank and EMBL databases using the NCBI 3LAST program. Weak but clear homology (18% amino acid identity; Fig+ 4) to the y-glutamylcysteine synthetase gene of E. coli was detected. No clear homology to the other four y-glutamylcysteine synthetases present in the databases was apparent. Synthesis of proteins Corresponding to the T. ferraoxidms y-glutamylcysteine synthetase (49.3 kDa) and citrate synthase (42.7 kDa) enzymes was confirmed using an E, coliderived in vitra transcription/translation system. A protein of approximately 49 kDa was produced by cosmid 5.1 and plasmids pTHIOD and pTHI07, but not by the vector pBluescript SIC, plasmid pTHI028 or the cosrnid vector pHC79 (results not shown) (Fig. 5) . Cosrnid 5.1 and plasmids pTHIOD and pTHI028 produced a protein of approximately 43 kDa, whilst the vectors pBluescript SK and cosmid pHC79 (results not shown) and plasmid pTHI07 did not (Fig-5) .
CSH assay
Because of the low sequence homology and the difference in size between the 49 k D a pdppeptide and the E. 
Transcript analysis
To determine whether the citrate synthase and the yglutamylcysteine synthetase genes were part of an operon, total RNR isolated from T. ferruoxidam cells was examined by RNA-DNA hybridization. The transcripts were probed with the HamHI-Smd fragment from pTHI028 (specific to the gLij24 gene) and the BamHI-Jail fragment from pTH107 (specific to the g s h A gene). With both probes, a small quantity of transcript of about 9 kb and a transcript of 2-5 kb was obtained (Fig. 6 ), irrespective of which probe was used. N o signal was obtained when either probe was hybridized to E . ~01i JMl09 control mRNA (result not shown).
DISCUSSION
The redox potential in the environment of an ironoxidizing bacterium such as 'I'.ferruoxidans is a function of the Fe3+/Fe2+ ratio. When ferrous iron is oxidized to ferric iron, the redox potential of the surrounding medium increases correspondingly and bacteria which grow in such an environment require the ability to maintain their cymplasmjc redox potential within certain limits. The y-glutamylcysteine synthctases studied to date differ widely in amino acid sequence and structure. The mammalian proteins are composed of two subunits whereas the bacterial proteins (E. cokr 'and P. rnirabi1i.r 
